During staphylococcal growth in glucose-supplemented medium, the pH of a culture starting near neutrality typically decreases by about 2 units due to the fermentation of glucose. Many species can comfortably tolerate the resulting mildly acidic conditions (pH, ϳ5.5) by mounting a cellular response, which serves to defend the intracellular pH and, in principle, to modify gene expression for optimal performance in a mildly acidic infection site. In this report, we show that changes in staphylococcal gene expression formerly thought to represent a glucose effect are largely the result of declining pH. We examine the cellular response to mild acid by microarray analysis and define the affected gene set as the mild acid stimulon. Many of the genes encoding extracellular virulence factors are affected, as are genes involved in regulation of virulence factor gene expression, transport of sugars and peptides, intermediary metabolism, and pH homeostasis. Key results are verified by gene fusion and Northern blot hybridization analyses. The results point to, but do not define, possible regulatory pathways by which the organism senses and responds to a pH stimulus.
Facultative pathogens such as staphylococci produce a wide variety of accessory proteins. Many of these are involved in, or required for, infectivity and are collectively referred to as the virulon. It is widely believed that the genes encoding these proteins are regulated according to the exigencies of the local sites in which the organism is able to establish an infection. The evidence in support of this very logical view is, at best, rather sketchy, largely for two reasons. Firstly, it has, until very recently, been unapproachably difficult to determine the putative locale-specific gene expression patterns. Secondly, it has been no easy matter to identify the specific environmental factors that would determine these patterns. As a preamble to the ultimate objective of defining in vivo environmental factors that influence the expression of accessory genes involved in local pathogenesis, we have begun to reexamine the effect of certain nutrients and other chemicals, including glucose, acidic pH, salt, salicylic acid, and subinhibitory concentrations of antibiotics, on the expression of virulence genes during growth in vitro. These substances have widespread effects on the transcription of virulence genes and other accessory genes, which are presumably initiated through signaling elements and mediated through the complex regulatory network that governs the expression of all accessory genes (34) . Our entrée into the transduction of environmental signals was provided by the observation that all of these substances affected transcription of a key signaling locus, sae, which is involved in the regulation of the expression of many exoproteins (36) . In that study, which was initiated by a determination of the effect of glucose, it was shown that sae has a complex transcriptional pattern that undergoes a very striking switch during in vitro growth at neutral pH, in which a 2.1-kb transcript, present initially, is replaced by three other, of 3.2, 2.6, and 0.5 kb (36) . When the Staphylococcus aureus strain tested is grown in the presence of glucose, the switch occurs but the new transcripts are quickly turned off. At this point the glucose is exhausted and the pH has dropped from 7.5 to 5.5, suggesting that the drop in pH rather than the presence of glucose is responsible for the turnoff (36) . Here, we confirm that pH affects the expression of sae and show that a modest reduction in pH, at which the organisms survive and grow, probably without activating the fullscale acid stress response, affects the expression of many saeregulated genes, as well as many genes that do not belong to the sae regulon. To define this newly identified mild acid stimulon (MAS), we have used transcriptome profiling by microarray. The MAS does not represent an acid-shock response; the cultures used were pregrown in pH-adjusted media such that at the first time point the cultures were in steady-state exponential growth. As described here, the MAS consists of all S. aureus genes whose transcript level differs by at least twofold during growth at pH 5.5 versus that at pH 7.5.
MATERIALS AND METHODS
Bacterial strains and plasmids. Bacterial strains and plasmids used in this study are listed in Table 1 . The standard strain used in most of the work is RN6734, a 13 lysogen of RN6390B. These two agr group I strains are in the NCTC8325 lineage and therefore have an rsbU defect, leading to a partial B -negative phenotype (23) . Media and growth conditions. S. aureus was cultured in Casamino Acids-yeast extract-glycerophosphate (CYGP) broth (35) , without glucose, and which was adjusted to pH 5.5 or 7.5. Broth was inoculated to an initial density of 5 ϫ 10 7 CFU ml Ϫ1 with S. aureus from GL agar plates with appropriate antibiotic and grown overnight at 37°C. Cultures were grown in Erlenmeyer flasks at a 1/10 volume and incubated with shaking at ϳ220 rpm at 37°C. Cultures were monitored turbidometrically with a Klett-Summerson (New York, N.Y) colorimeter at 540 nm. After reaching ϳ3 times the initial inoculum (growth from ϳ15 to ϳ50 Klett units), cultures were diluted twofold and grown again to 50 Klett units. Cultures were again diluted twofold. The time zero (T0) time point for all time course experiments was defined when the density reached 50 Klett units for the 
RESULTS
Effect of pH on sae transcription. To study the effect of pH on sae expression independently of glucose, we grew cultures of strain RN6734 at pH 5.5 and 7.5 in CYGP broth without glucose and prepared Northern blots of whole-cell RNA from culture samples taken at three standard time points, T0, T3, and T6, as defined in Materials and Methods. pH did not vary by more than 0.1 to 0.2 units throughout the 6-h period. The Northern blot obtained with an saeS probe for these RNA samples ( Fig. 1) demonstrates that the transition in the sae transcription pattern occurs at pH 7.5 but not at pH 5.5 and that the level of transcription is decreased at the lower pH.
Response of exoprotein gene promoters to changes in pH. If the sae locus is involved in a global response to this pH differential, sae-regulated genes would be predicted to respond to changes in pH in this range. Accordingly, transcriptional fusions using staphylococcal ␤-lactamase (blaZ) as a reporter were used to test for promoter activity in response to changes in pH. The blaZ reporter, under a constitutive P bla promoter, was insensitive to changes in pH in the range of pH 5.5 to 7.5 (data not shown). Plasmid-carried ␤-lactamase fusions involving P hla , P tst , and P sspA were introduced into various strains and tested for ␤-lactamase activity during growth at pH 5.5 versus 7.5. The promoters for these three exoprotein genes were selected because, although postexponentially up-regulated by agr, they are regulated differentially by sar and sae (8, 36, 52 ; for a review, see the report of Novick 34) . Results for the ␤-lactamase fusions are shown in Fig. 2A to C. The three promoters responded to changes in pH generally in parallel with their response to sae. Thus, at pH 7.5, P hla -blaZ shows the typical postexponential induction; however, at pH 5.5, there is a gradual increase of ␤-lactamase activity but no clear postexponential induction pattern. P tst -blaZ also shows postexponential induction typical of agr-regulated exoprotein genes at pH 7.5 (34) . This pattern is completely absent at pH 5.5, even though agr expression is induced at this pH. Finally, P sspA -blaZ shows a postexponential induction pattern that is similar at the two pH levels. These results imply that one or more pHsensitive regulatory gene products may control expression from these promoters.
Effects of regulatory genes. To test known regulatory genes for possible roles in pH-dependent regulation, we transferred null mutations in sarA, sarS, sarT, rot, arlRS, and sigB and a molecular repair of rsbU into RN6734 and tested for their effects using the ␤-lactamase fusion plasmids. The expectation was that a mutation affecting a required regulatory gene would abolish the pH-dependent expression differential, with respect both to expression levels and to kinetics. As shown in Fig. 2 and  3 , none of the regulatory mutations tested eliminated the observed pH differential. Nevertheless, several informative results were obtained: (i) from the results shown in Fig. 2C and D, the sarA mutation dramatically increased the pH-dependent differential expression of the P sspA -blaZ reporter at pH 5.5, but had little or no effect at pH 7.5. This result may be consistent with previous experiments done in the presence of glucose, demonstrating a major increase in sspA expression in a sarA mutant background (8, 27) , because these would have had a low pH at the time the samples were taken. Additionally, the sarA mutation did not eliminate the temporal up-regulation of sspA. (ii) Figure 2E and F show that hla expression was pH dependent in both wild-type and sigB mutant cells and was sharply up-regulated at pH 7.5 but not at 5.5. (iii) The mutation affecting sarA, but not those affecting sarS or sarT, profoundly decreased P tst -blaZ expression and greatly reduced temporal induction (Fig. 3) . (iv) The arl mutation appears to up-regulate the P tst -blaZ reporter at all time points at pH 5.5 but only at the latest time point at pH 7.5. Finally, the rot mutation enhanced the temporal induction of the P tst -blaZ reporter at pH 7.5. This result is consistent with the reported repressor activity of Rot (32) , which was presumably determined at pH 7.5.
Identification of the MAS. Given the apparent complexity of the response of exoprotein gene expression to changing pH, it seemed worthwhile to examine the entire MAS at the transcriptional level. For this purpose, we employed a staphylococcal DNA microarray (Affymetrix) (3, 6, 19, 20) .
To perform this analysis, we prepared whole-cell RNA from two cultures of RN6734 in CYGP broth without glucose, each at three different time points. The cultures were started with an inoculum taken from an overnight GL plate (pH, ϳ7.2). One culture was started at pH 5.5, the other at pH 7.5, and the two were grown as described in Materials and Methods, with samples taken at T0, T3, and T6 for RNA preparation. Comparable amounts of cDNA were hybridized to the microarrays for each experimental point. In Table 3 are shown the results for all genes whose transcript level differed by at least twofold between the two pH conditions, at any of the time points. In this presentation, to avoid any implications of regulatory mechanism, we refer to up or up-regulated and down or downregulated in comparing transcript levels between the two conditions. In all, 424 genes were identified; approximately twice as many were up-regulated at pH 5.5 as were down-regulated. In addition to genes encoding proteins ostensibly involved in pH homeostasis, there were many encoding proteins involved in amino acid uptake or metabolism, carbohydrate uptake or metabolism, virulence (encoding either secreted or surface proteins), and transcriptional regulation and, curiously, a considerable number of prophage genes were found to be pH regulated. Among the prophage-encoded genes, a much greater number (31 of 32) were down-regulated at pH 5.5 than FIG. 1 . Northern blot analysis of the effect of pH on saeS transcripts. Whole-cell RNA was extracted from RN6734 grown in CYGP broth without glucose and adjusted to pH 5.5 or 7.5. The RNA was separated on a denaturing gel and vacuum blotted; the blot was hybridized with a radiolabeled DNA probe complementary to saeS. The probe was detected with a PhosphorImager. Equalization was determined by subsequent blotting with a probe complementary to 16S rRNA.
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were up-regulated. Given that prophage genes are not generally expressed in the prophage state, this result could indicate that spontaneous prophage induction occurs more frequently at pH 7.5. Among the surface proteins, a much greater number (72 of 84) were up-regulated at pH 5.5 than were down-regulated. Of the genes encoding secreted proteins, about the same number were up-as down-regulated. As a functional category, transporters with roles in nutrient accumulation and maintenance of homeostasis were differentially expressed in a ratio that paralleled that of the stimulon as a whole, with approximately twice as many up-regulated at pH 5.5 as at pH 7.5. Some genes involved in homeostasis have roles in maintenance of intracellular pH (ure operon), others are osmoprotective (opuC operon), and some contribute to protection against both low pH and high osmolarity (kdp operon) (7, 47) .
We have analyzed the microarray data on the basis of individual genes. However, the MAS includes several clusters of adjacent genes that may represent single transcription units. The individual genes in each cluster are oriented in the same direction and have the same temporal patterns and pH responses. Thus, the conclusions would have been the same if the analysis had been based on transcription units rather than individual genes.
Northern blot hybridization analysis. Northern blot hybridization was used to validate the microarray data for several FIG. 2 . Transcriptional reporter analysis of the effect of pH on transcription of genes coding for several exoproteins, the effect of sarA on pH-dependent sspA transcription, and the effect of rsbU and sigB on pH-dependent hla transcription. RN6734 transduced with pRN7044 (P tst ::blaZ) (A), pRN6827 (P hla ::blaZ) (B), or pRN7041 (P sspA ::blaZ) (C) was assayed for ␤-lactamase activity during growth at pH 5.5 or pH 7.5. (D) pH-dependent ␤-lactamase activity of RN9388 (RN6734 ⌬sarA) transduced with pRN7041, measured during growth. (E) pH-dependent ␤-lactamase activity of RN10029 (RN6734 rsbU ϩ ) transduced with pRN6827, measured during growth. (F) pH-dependent ␤-lactamase activity of RN9898 (RN6734 ⌬sigB) transduced with pRN6827, measured during growth. and at T6 it appeared higher at pH 7.5, these differences were less than twofold. One possibility for the differences observed between gene fusion and Northern blot data could be that the gene fusion construct used may not have included all 5Ј regulatory elements ( Fig. 2 and 4) . At T0, the transcription level was too low to be evaluated at either pH. (iv) The spa data could not be confirmed by Northern blotting of RN6734 RNA because the level of expression was too low at most time points in this agr ϩ strain. Therefore, we prepared blots with RNA from the isogenic agr-null strain, RN7206. Although the blots from one strain cannot be directly compared with the microarray data from another strain, spa expression in RN7206 was greater at pH 7.5 throughout growth and, in RN6734, it was greater at pH 7.5 only at the earliest time point. (v) Although the pH regulation of rot seen in the microarray was confirmed by Northern blot hybridization, rot transcription increased postexponentially at both pHs rather than being constitutive as has been reported elsewhere (32) . (vi) The Northern blots for agr-rnaIII and sae were consistent with the microarray results.
Although sarA does not belong to the MAS based on analysis of RN6734, interpretation of sarA results is problematic; sarA is transcribed from three separate promoters (12) , one of which, P3, uses B and is not active in RN6734 and other derivatives of NCTC8325, owing to the rsbU defect in these strains. In an rsbU ϩ strain this promoter is much more active at pH 5.5 than at pH 7.5 (unpublished data). Conversely, the P1 promoter appeared to be considerably less active at pH 5.5 than at pH 7.5 (the level of the P2 transcript was too low to be relevant). Thus, the role of pH in the overall production of SarA protein, which may be highly strain specific, remains to be determined.
Effect of pH on overall exoprotein patterns. Given that the MAS seems large and complex and that it includes several exoprotein genes, including those encoding known virulence factors, we have begun to analyze the effects of pH on the extracellular proteome. For this purpose, supernatants were collected from cultures of RN6734 grown at pH 5.5 versus pH 7.5 in the absence of glucose at the T6 time point. Supernatant exoprotein profiles, as determined by SDS-PAGE, are shown in Fig. 5 . Several exoproteins were observed to be more abundant at pH 7.5 but were considerably reduced or absent at pH 5.5, and vice versa; additionally, there was a considerable asymmetry in the size distributions of the bands corresponding to the two pH conditions, with higher-molecular-weight species predominant at pH 5.5 and lower-weight species at pH 7.5. To test for the possibility that this asymmetry could represent differential proteolytic activity, we mixed equal quantities of the two supernatants, adjusted the mixtures to either pH 5.5 or 7.5, incubated them for 30 min at 37°C, and analyzed them by SDS-PAGE. The resulting exoprotein patterns, shown in the two rightmost lanes in Fig. 5 , were indistinguishable with the exception of a high-molecular-weight band, which we have identified as geh lipase (unpublished data). This band is somewhat weaker after incubation of the mixture at pH 7.5 than at 5.5, presumably owing to differential proteolysis (30, 42, 48) . Exoprotein was prepared from 6-h cultures grown in CYGP broth adjusted to either pH 5.5 or pH 7.5. Supernatants from equal numbers of cells were precipitated with trichloroacetic acid and subjected to SDS-PAGE. The right two lanes show exoprotein from both of the left lanes combined, adjusted to each pH, and incubated at 37°C for 30 min to investigate the effect of differential protease activity.
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Overall, these results are consistent with transcription-level regulation of exoprotein production, and it is clear that proteolysis is not responsible for most of the pH-dependent differences in the exoprotein profile. Identification of differentially abundant exoproteins. We identified several of the differentially abundant exoproteins by mass spectrometry. Due to differences in loading and resolution between the gel from which the bands were excised and the gel shown in Fig. 5 , these proteins are not labeled in Fig. 5 . In addition to the cleaved form of lipase, these included an immunodominant surface antigen, IsaA (more abundant at pH 5.5), the precursor form of autolysin Atl (more abundant at pH 5.5), and the serine protease-like SplF (more abundant at pH 7.5). Comparing these and the microarray results, some of the differential abundances of these proteins are a reflection of pH-dependent differences in transcription (IsaA and SplF); others are likely the result of posttranscriptional mechanisms (Geh and Atl).
DISCUSSION
This study began with the observation that the glucose-induced down-regulation of certain staphylococcal virulence genes is largely a result of the pH reduction resulting from glucose fermentation. The end point of this pH reduction is generally around pH 5.5 in standard glucose-supplemented broth cultures of S. aureus; in cultures grown at this pH the classical agr-dependent postexponential induction of virulence genes such as hla and tst, seen at pH 7.5, is eliminated. Microarray analysis revealed that the transcript levels of over 400 S. aureus genes were affected, and the overall pattern is here defined as the MAS. More than twice as many genes are up-regulated at pH 5.5 than are down-regulated, relative to effects at pH 7.5.
It is well known that bacteria have elaborate mechanisms by which they maintain their internal pH within tight limits. Major, potentially lethal reductions in external pH activate an acid stress response, which mobilizes a variety of resources in an attempt to defend the cytoplasmic pH (14, 37, 38) . At the same time, bacteria such as staphylococci can grow and divide normally over a considerable pH range-at least 5 to 9. In the present work we have analyzed the lower half of this range and found that there is a large set of genes that are differentially regulated between pH 5.5 and 7.5-the MAS. We suggest that this modulation of gene expression is likely to represent an adaptation to pH-variable environments, rather than a global acid stress response. In other words, pH could be one of the factors that determine locale-specific gene expression patterns, since certain body sites are characterized by variations in pH from the homeostatic 7.4 ( Fig. 6) (5, 10, 16, 21, 22, 31, 41, 53) . Given the breadth of the MAS, plus the fact that the intracellular pH is maintained within very narrow limits, the pH differential must be sensed by one or more surface receptors and transduced to the interior of the cell. As there is a complex regulatory network that coordinates the expression of accessory genes (34) , the MAS must interact with one or more regulatory genes involved in this network. For any regulatory genes that belong to the MAS, it is predicted that their regulons will follow suit, insofar as the regulation is direct. That is, if transcription of a regulatory gene is reduced at one pH, the genes that it up-regulates will also be reduced at that pH, and vice versa. Genes that do not follow this rule must be regulated indirectly. For those regulatory genes that do not belong to the MAS, any target genes that do belong must also be regulated indirectly. Therefore, examination of stimulons and their overlaps with regulons is expected to aid greatly in the understanding of the overall regulatory network. Results presented here may be viewed as the beginning of this analysis.
A number of tantalizing relationships between the MAS and certain other stimulons and regulons have been revealed; these relationships are noted here and are clearly in need of further study.
One example is the stimulon defined by the response to subinhibitory concentrations of cell wall-active antibiotics (bacitracin, D-cycloserine, and oxacillin) (50) . The MAS appears to overlap significantly with the cell wall-stress stimulon. Twentyfive of the 158 genes in this stimulon are also in the MAS, and for these genes the two stimulons are concordant, raising the question of whether there is some common adaptivity between the two, such as the involvement of any of these 25 genes in transducing the pH stimulus. Seventeen of these 25 genes were both up-regulated by cell wall-active antibiotics and were upregulated at pH 5.5. Seven of the remaining eight genes were down-regulated by antibiotics and were also down-regulated at pH 5.5. The only exception was a hypothetical gene that could correspond to an unidentified regulator (a repressor) of the MarR type. Because the microarray used in defining the cell wall-stress stimulon was less comprehensive than the one used in the present study, it is possible that the relationship between the two stimulons is even greater than observed here.
Another stimulon that was recently defined is the set of genes that are differentially expressed during growth in a mature flow cell-resident biofilm (3). The biofilm state has been shown to be relevant to several different infection niches for growth, persistence, and resistance to antibiotic treatment (17) . Although the strain used by Beenken et al. is not of the NCTC8325 lineage and the cultures were grown with glucose, genes they identified as differentially expressed between exponential-phase planktonic cultures, in which the pH may have not yet dropped below pH 6.0, and mature biofilms may be relevant for comparison to the MAS. Of the 95 genes that are reported up-regulated in a biofilm, well over half (55) are also up-regulated under the mild acid condition. The operons upregulated under both conditions include those coding for capsular polysaccharide biosynthesis, pyrimidine biosynthesis, the potassium-proton antiporter system kdp, the urease system, and the ssp operon. Among the 17 genes down-regulated under both conditions are rot, spa, nuc, pycA, and the opp1 and spl operons. None of the mild-acid-down-regulated genes were up-regulated in the biofilm, and only 17 of the 278 biofilm down-regulated genes were up-regulated in mild acid. The results presented here support the suggestion of Beenken et al. that a mature biofilm is an acidic environment. The incomplete concordance of the biofilm and mild acid stimulons may reveal sets of genes specific to biofilm or planktonic lifestyles. In sum, the mild acid-biofilm correlation provides an example of an important niche where pH-dependent gene expression may be critical for growth and persistence.
A third example involves the conditionally essential twocomponent signal transduction system (TCS), YycG/YycF. Five of 12 genes recently reported to be controlled by YycG/ YycF were identified in the MAS, although the TCS itself was not. YycF recognizes a pair of directly repeated hexamers within the promoter region of target genes (18) . Two of the target genes with their direct repeats oriented in one direction were down-regulated at pH 5.5; three with their repeats in the opposite direction were up-regulated at pH 5.5. This difference in the orientation of cis regulatory elements in the promoters of genes belonging to the YycG/YycF TCS regulon correlates with the differential pH effects on these genes, suggesting an interesting possible relationship between this TCS and transduction of the pH signal.
Among the genes belonging to the MAS are 26 known or putative regulatory genes. The response of target gene subsets should, to a first approximation, follow the response of the controlling regulatory gene. The sae regulon appears to fit this scheme, at least with respect to the few target genes that have been individually analyzed-for example, sae up-regulated leukotoxin and gamma hemolysin are down-regulated at pH 5.5, like sae. The generality of this effect will be reported elsewhere in connection with an ongoing analysis of the sae regulon. The transcript levels of 19 other known or putative regulatory genes are increased at pH 5.5, and those of six are decreased. In Table 3 are compiled data on known regulatory interactions involving two of the better studied of these regulators, agr and rot, whose regulons have been determined (20, 43) . We note that the RNA samples used for determination of the agr and rot regulons were all prepared from bacteria grown in the presence of glucose, and the rot regulon was determined with an agr-null strain. Additionally, they were determined with an earlier version of the microarray lacking many important genes. Nevertheless, most of the agr-regulated and rot-regulated genes adhere to the principle that target genes follow the response of the controlling regulator. For genes that do not, the simplest possibility is that the regulatory connection is indirect. Thus, agr is up-regulated 3.6-fold at pH 5.5 and T0
(but not at the other time points). At this time point, when agr is a member of the MAS, the agr-regulated members of the MAS follow the regulation of agr, whereas at other time points there is no consistency to the response of agr-regulated genes. Interestingly, although agr belongs to the MAS, no known regulators of agr, including svrA, sarA, sarU, ssrAB, and arlRS, belong to the stimulon. Of course, any of these regulators could be affected at the posttranscriptional level.
rot was identified as a member of the MAS and was shown to be down-regulated at pH 5.5 at all three time points. Thirtynine genes (9.3% of the stimulon) are rot regulated, of which 28 demonstrated higher transcript titers at pH 5.5. This is largely consistent with the reported role of rot as a repressor (32) . Genes encoding surface proteins, such as spa, which is up-regulated by rot, are down-regulated at pH 5.5. rot regulates spa via SarS (43), which is not listed in the MAS. However, the stimulon list was generated by using an arbitrary cutoff value of a twofold change in transcription. Further analysis indicated that although it is not decreased twofold, sarS is indeed moderately down-regulated at the lower pH tested. Only one gene, SA0173, a hypothetical gene similar to surfactin synthetase of Bacillus subtilis, is regulated in the same direction by agr and rot (up).
Microarray data for the sarA regulon have also been published (20) and are included in Table 3 , although sarA does not appear to belong to the MAS in strains of the NCTC8325 lineage, such as RN6734. Forty-six genes in the stimulon are SarA regulated. Most of these have increased transcript levels at pH 5.5, and most SarA-regulated genes with pH-sensitive expression are SarA up-regulated. These genes are regulated predominantly through agr.
It has been suggested that SarA is important in the transduction of the pH signal and, superficially, the data on the relation of SarA to sspA shown in Fig. 2C and D would seem to bear this out. SarA seems to be a repressor of sspA only at pH 5.5. However, a closer look at these data suggests that it is not SarA but a separate positive regulator that may be responsible. We note that at pH 7.5, deletion of sarA has no effect on sspA expression in the NCTC8325-derived background tested here; i.e., sarA cannot be a repressor of sspA at pH 7.5. If it were a repressor only at pH 5.5, then the level of sspA at pH 7.5 should match the higher expression level at pH 5.5, rather than the lower. The simplest interpretation here is that SarA is not a pH-dependent repressor, but rather that there is a pH-dependent activator that functions at pH 5.5, only in the absence of SarA.
It has also been suggested that B may have a role in transducing the pH signal (9, 39) ; on the basis of data presented here, it is suggested that there may be two pH-sensing pathways, one independent of B and the other possibly B dependent. The microarray analysis was performed with RN6734 because of the enormous experience and wide use of this and other NCTC8325 derivatives, despite their rsbU defect (23, 26) . As these strains have only weak residual B activity, the studies reported here will have defined a pH-sensing pathway that is essentially independent of B . This has been confirmed by a recently published DNA microarray analysis of the B regulon (6) down-regulated by mild acid. Eighteen of the 53 B downregulated genes were also down-regulated by mild acid; however, 19 of these 53 were up-regulated by mild acid. These results are consistent with the absence of sigB or members of the sigB operon in the MAS and the pH-insensitive transcription pattern of sigB in RN6734 (data not shown). However, sarA has a B -dependent promoter that is also pH dependent (unpublished data), so that in an rsbU ϩ strain, genes regulated by SarA may define a pH-dependent pathway that is B dependent. This interpretation is highly tentative since, as noted above, it is not known whether the interplay of the three sarA promoters results in B -dependent differences in SarA protein levels.
In conclusion, our results have pointed to a number of approaches that could help to identify the pathway(s) by which external pH is sensed by the organism. Additionally, they address but do not solve the basic question of the role of pHdependent gene expression in pathogenesis. On the one hand, as shown here, it is clear that mild acid modulates the expression of a large set of staphylococcal genes, including virulence genes; on the other hand, it is well known that certain sites in an animal host are characterized by pHs different from the homeostatic 7.4. The basic question, then, is whether there is a significant connection between these two separate findings. In other words, is pH-dependent modulation of virulence gene expression adaptive for the organism with respect to different sites in the animal host that are maintained at particular pHs (different from 7.4)? And, if so, would this be an example of bacteria modulating the expression of particular genes for adaptation to particular tissue sites?
The available studies of pH-dependent and host-niche-specific staphylococcal virulence gene expression reveal little that suggests such a connection (1, 2, 4, 9, 11, 24, 25, 29, 33, 36, 40, 44-46, 49, 51, 54, 55) . A potentially informative study, however, is that of Coulter et al. (1998) , which identified genes required for growth and persistence in various animal models of staphylococcal infection. Mutations in opp2, sspA, odhA, and epiB were shown to cause attenuation in a systemic infection model but not in abscess or burn wound models, while those in opp1, pycA, and pflB caused attenuation in an abscess model but not in systemic infection or burn wound models (15) . The genes associated with systemic infections were up-regulated, while those associated with abscesses were down-regulated at pH 5.5. A homologous oligopeptide permease (opp) system in B. subtilis is required for the uptake of signaling peptides necessary for pH-dependent expression of srf, which encodes a surfactin synthetase (13) . A surfactin synthetase homologue is also part of the staphylococcal MAS and is up-regulated at pH 5.5, as is opp2. This could represent a conserved adaptation to the mild acid condition.
The interesting correlation between tissue-site specificity and pH modulation of these genes raises the possibility that tissue-specific pH variation could impact on pathogenesis. It seems doubtful, however, that the pHs at the sites in question prior to infection are consistent with the observed pH-dependent modulation in bacterial gene expression, because these sites are typically maintained at pH 7.4 (Fig. 6) . Perhaps a local pH change as a result of the infection requires an adaptive response, prohibiting bacteria incapable of such a response from maintaining an infection.
A quite different and rather dramatic example of how pHdependent virulence gene expression could impact human health, but in a manner that is also not consistent with the concept of pH-dependent tissue site adaptation, is menstrual toxic shock. The human vagina is maintained at a pH of Ͻ5, a pH at which toxic shock syndrome toxin 1 is not produced (45) because tst, the gene encoding the toxin, is essentially silent (Fig. 2) . However, during menses the pH rises above 7, a pH at which tst is strongly expressed-which could very well account for the well-known relation between toxic shock syndrome and menstruation (4) . However, whether pH-dependent expression of tst has any adaptive role for the organism or is simply coincidental is far from clear. Indeed, it is not obvious whether causing toxic shock syndrome is in any way advantageous for the organism; instead, maintaining the vaginal pH of Ͻ5 could represent a host defense against toxic shock, a defense that the bacteria have clearly not countered by pH-dependent gene expression but one that is inadvertently breached by the host through menstrual bleeding.
The in vivo relevance of the pH-dependent accessory gene expression we report here will require more accurate measurement of the pH of the host environment during infection and testing of knockouts of the members of the signal transduction network in relevant animal models. Regardless of the role of differential expression in an infection, elucidation of the MAS will forward attempts to map the S. aureus accessory gene regulatory network. Regulons have great value in establishing epistasis and suggesting functional roles for the corresponding regulator, but their usefulness is limited because regulators often act in concert and effects may be absent or even contradictory in single mutants. Stimulons allow us to perturb genetically complete organisms but require analysis of the relevant mutants to dissect cause and effect. The combination of these methods should in the future allow construction of a comprehensive model of the S. aureus accessory gene regulatory network.
